Thioredoxins, Specificity as C osubstrate, PA PS-R eductase, Cross-Reactivity, Sulphate R educ tion PA PS-reductase from Escherichia coli was em ployed to detect thioredoxins from pro-and eukaryotic organisms. A simple m ethod for the isolation of this enzyme and properties of the enzymatic assay were described. A comparison betw een thioredoxins detected by the PAPSreductase and the Fructose-bisphosphatase or N A D P m alate dehydrogenase was used to assess the validity of the test. The high cross-reactivity of the bacterial enzyme was useful in the purifica tion of heterologous thioredoxins from spinach, Synechococcus, and Saccharomyces cerevisiae.
Introduction
Thioredoxins are multifunctional redox proteins which contribute to the regulation o f enzym e and receptor activity, to hydrogen transfer and also to the assembly o f phages (survey [1] ). Since thioredoxins lack own catalytic properties usable for their d etec tion a specific enzym e reaction is needed to dem on strate the presence of a thioredoxin. W idely accepted m ethods are: a) enzyme activation (thioredoxin is "non-essential" for enzymic catalysis but m odulates activity), b) ribonucleotide reduction (thioredoxin is used as cosubstrate by the ribonucleoside reductase), and c) protein disulphide reduction (thioredoxin is used as disulphide reductase for insulin A -B chain reduction). Since thioredoxin-activated enzym es of the Cautotrophs like plants have developed a specificity for an individual thioredoxin, this specificity is cur rently used as basis for classifying the different plant thioredoxins [2] . Y et, this specificity makes these en zymes less suitable as general probe for other thioredoxins. Similarly, antibodies that have been raised against a well characterized thioredoxin risk to fail as indicator because evolutionary more distant thioredoxins may show little or no cross-reaction (c/. [ 
3]). The more general characterization o f a thioredoxin is based on its function as hydrogen donor in the reduction of ribonucleotides by the N A D P H dependent ribonucleotide reductase(s) (EC 1.17.4.1, 1.17.4.2) [4, 5]. A s for m ethod c), a purified N A D P H : thioredoxin oxidoreductase is the prerequisit o f this N A PD H -dependent insulin chain
A -B disulphide reduction [6] . Since the thioredoxin oxidoreductase is highly specific for the thioredoxin [7] it has been replaced by dithiothreitol, a non-physiological reductant, facilitating the determination of thioredoxins independent of the reducing enzym e system [8] .
In this paper, we describe a m ethod for the d etec tion of thioredoxins which is based on their function as cosubstrate in the reduction of activated sulphate to sulphite [9, 10] 35S labelled PAPS has been used as substrate so that [3:,S]S0 3 was formed as reaction product. Crude preparations of this enzym e have previously been shown to require thioredoxin as reductant [1 0 , 1 1 ]. In addition, cross-reaction of the enzym e from E. coli with thioredoxin from HeLa cells [12] was re ported. Still, m ethods for the purification of PAPSreductase and details of the reaction are fragmen tary. It, therefore, seem ed worthwile to investigate this reaction in more detail using a purified PAPS-reductase. A simple reliable method for the isolation of PAPS-reductase from Escherichia coli was devel oped with the aim to render the protein free of thioredoxin. The enzym e was characterized with em phasis on its substrate requirements. It was then used to detect thioredoxins from E. coli, Synechococcus spec.*, Saccharom yces cerevisiae, spinach leaf m ate rial and rabbit liver. H eterologous thioredoxins from the different organisms were tested as cosubstrates in the reduction of PAPS investigating the enzym e's specificity for thioredoxin. The reliability of the m ethod was compared with the established methods o f thioredoxin detection (e.g. activation of N A D P malate dehydrogenase or Fru-1,6-P phosphatase).
Materials and Methods

Thioredoxins
Thioredoxins were isolated from Escherichia coli (strain A N 1460), Saccharomyces cerevisiae (com mercial baker's yeast), a thermophile cyanobac terium (Synechococcus spec.**), spinach leaf extract and rabbit liver. E. coli and Synechococcus spec. were disrupted in a French press (at 14 MPa) [13] , yeast was extracted by auto-lysis with organic sol vents [14] , while rabbit liver and spinach leaves were hom ogenized in a Waring Blendor. PMSF (1 mM) was included as protease inhibitor. Crude protein ex tracts were obtained by centrifugation at 15 000 x g for 30 min, particulate contaminants were then re m oved by precipitation with ammonium sulphate (30% saturation at 4 °C). The protein was clarified by centrifugation as before and precipitated with am monium sulphate to give 80% saturation. The frac tion of protein precipitating from 30-80% has been used as starting material for the isolation of thioredo xins or, for the preparation of the PAPS reductase.
The bulk of thioredoxin(s) was separated from the enzym e by inverse ammonium sulphate fractionation (see below ). Thioredoxin containing fractions were salted out (80% saturation) and collected by cen trifugation at 2 0 0 0 0 x g for 30 min. The protein was dissolved in Tris-HCl 50 mM (pH 7.8) to give appr. 30 mg/ml, and desalted on Sephadex G50 ( 3 .2 x 6 3 cm, column equilibrated with the same Tris buffer). Thioredoxin containing fractions were pooled and * The organism was a kind gift by Dr. S. Katoh, Tokyo University. ** This strain is not yet indexed. Table I ). [ 
Enzym atic assay and unit definition
Results
A simple and reliable procedure for the isolation of a substantially enriched PAPS-reductase is given in Table I . The steps were chosen as to make the enzym e thioredoxin-dependent. With the purified enzym e only 1.3% of the apparent rate accounted for sulphite formation in the absence of additional thioredoxin. The bulk of thioredoxin was rem oved by the inverse fractionation with ammonium sul phate; the remaining fraction was then separated from the enzym e during hydrophobic chromatogra phy on Phenyl-Sepharose. Inactivation of the enzy me by dilution was circumvented by addition of gly cerol (30% ); this additive also seem ed to prevent protein aggregation due to high hydrophobicity of the enzym e protein; otherwise, the enzym e was rapidly inactivated.
The reaction kinetics was linear (Fig. 1 ) for 1 to 5 |u,g o f enzym e protein. Irregular kinetics have been observed when the enzyme was added from a high concentration of salt directly into the reaction mix ture. Therefore, the enzyme was preincubated for 30 min at 30 °C starting the reaction by addition of the substrate PAPS. Under these conditions, a neg ligible deviation from linearity was observed only above E x t of 300 |xg min (inset Fig. 1 ) whereas in adequate sampling seemingly accounted for minute product formation at zero-time. Table I . Fractionation of PA PS-reductase. 1 U was defined as 1 ^rnol sul phite form ed -m in -1 from PAPS (M aterials and M ethods, part c).
Step Vol a residual activity in the absence of additional thioredoxin in % activity at saturating concentrations of thioredoxin. b activation presum ably due to the use of glycerol and the removal of high salt from previous step. c extrapolated from preparation using 1/6 of the original am ount of protein.
A t saturating concentrations of PAPS (app. K M
8 |i m ) , the enzym e exhibited a high affinity (app. K M 2 ^m) for the hom ologous thioredoxin (Fig. 2 A ,  amount of enzym e varied) . H ence, linearity of en zym e activity and concentration of thioredoxin was maintained up to 1 ^im of thioredoxin (Fig. 2 B , It has been noted previously, that the enzyme crossreacted with heat-labile proteins from HeLa cells which have thioredoxin-or glutaredoxin-like properties [12] .
Ih e relative contribution ot heterologous thioredoxins as cosubstrate in the PA PS reductase test has been compared with the hom ologous system using the E. coli thioredoxin (Table II) reacts with evolutionary more distant thioredoxins with a lower efficiency than with the closer related bacterial thioredoxin. Since the PAPS-reductase as characterized above com bines high sensitivity and low specificity, the test system seem ed particularly suited to monitor thioredoxin(s) from different species. W e, therefore, compared this method with the thioredoxin-depen- Table II . Cross-reactivity of E. coli PA PS-reductase with thioredoxins purified from different organisms. H om oge neous thioredoxins (5 |xg) were assayed using D TT as reductant in the PA PS-reductase assay (1.5 |il of enzyme after hydrophobic chrom atography on Phenyl-Sepharose) as described in M aterials and M ethods. Isoelectric points of the thioredoxins are given in brackets; rabbit liver thioredoxin was not purified to homogeneity. 
Discussion
The reduction o f PAPS in yeast and E. coli has previously been observed to require thioredoxin as reductant [9, 10] . The reaction is catalyzed by a PAPS-reductase (also called PAPS-sulphotransferase in the earlier literature [cf. 20]) which forms free sulphite and 3',5'-P A P as reaction products [21, 22] . A lthough the enzymatic mechanism is not yet fully elucidated, it seem s very likely that thioredoxin serves as a electron-transferring cosubstrate in this reaction [cf. 21] rather than sulphite-carrier. In the present paper, the possibility was investigated of us ing the PAPS-reductase as enzymatic probe for thioredoxin. The enzym e system as described above com bined a high affinity for thioredoxin ( K M 2 ^imol/l for the hom ologous thioredoxin) with a low specifi city concerning the origin of this protein. The high affinity was desirable as it implies a high sensitivity (ranging from 0.1 x lO -9 to 1 x 10-6 m for the hom ologous thioredoxin). The lack of specificity may be advantageous in the search for thioredoxins from non-related species as well as in the search for multiple forms. In vitro, the heterologous systems using thioredoxins from eukaryotic organisms at tained at least 50% of the rate of the homologous system . In its low specificity, the PAPS-reductase from E. coli resem bled the plant N A D P malate d e hydrogenase, which was activated by thioredoxin / and m alike [23] [24] [25] . The assay, however, appeared less laborious than the spectrophotometric m easure ment o f the N A D P H malate dehydrogenase.
By using the PAPS-reductase as probe, a large number of proteins supporting the enzyme as reduc tant were separated from a spinach leaf extract. E x cept for a non identified thioredoxin f the PAPSreductase reported virtually all the thioredoxins which would have been detected by the FbPase-or M DH-assay. The multiplicity o f thioredoxins as indi cated may be of several reasons. Primarily it seem ed to be due to the use of m ore advanced ion exchan gers which have a considerably higher resolution than the conventional celluloses. It was thus possible to separate two thioredoxins with an apparent pi of 4.7 and 4.68 using a strongly acidic anion exchanger (M onoQ 5/5). Secondly, the chloroplast FbPase or M D H may have discriminated between cytosolic and chloroplasmic thioredoxins as compared to the PAPS-reductase. Thirdly, as the major objection, the PAPS-reductase may lack specificity for thioredoxin but also detect disulphides with thioredoxin properties such as glutaredoxin. In deed, PAPS-reductase was observed to use glutaredoxin instead of thioredoxin in the mutant E. coli trx A 7004 [10] . In this property, the PAPS-reductase re sem bles the ribonucleotide reductase which was found to reduce CDP with a 10-fold higher molecular activity using glutaredoxin instead of thioredoxin [26] . Still, Follmann and coworkers [3, 27] dem on strated that the ribonucleotide reductase can be used as probe for thioredoxin f or m derived from green algae or cyanobacteria. Crossreactivity is, however, not restricted to PAPS-reductase or ribonucleotide reductase: FbPase and M D H as indicator enzymes were also liable to activation by small proteins other than thioredoxin [28, 29] . Consequently, the identifi cation of thioredoxins solely based on their function (either in enzym e activation or in their role as hydro gen donating cosubstrate) can be misleading. A t pre sent, elucidation of the primary structure seem s in dispensable for the identification.
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